The toxicity of benzene is generally thought to be mediated by metabolites formed in the liver (1, 2) . Benzene is metabolized in vivo to ring-hydroxylated intermediates as well as trans,trans-muconic acid (muconic acid, MA; Table 1 ), a ring-opened intermediate (2) . We have hypothesized that reactive ring-opened intermediates play an important role in benzene toxicity (3) . Our laboratory has identified one such compound, the dialdehyde trans,trans-muconaldehyde (muconaldehyde, MUC; Table 1 ), in mouse-liver microsomal incubations of benzene (4) . Muconaldehyde is a potent electrophile (5) , a cross-linking agent (6) , and is hematotoxic when injected in mice (7) . Muconaldehyde has not been directly detected in animals dosed with benzene, presumably due to its reactivity. In vitro, MUC is metabolized to a number of oxidized and reduced products of which MA and 6-hydroxy-trans, trans-hexadienoic acid (HHA, Table 1 ) are stable end products (8, 9) . We previously established that MUC is metabolized in vivo to MA (10) . We undertook the present studies to identify HHA in the urine of CD-I mice treated with MUC and benzene to provide further evidence for the intermediacy of MUC in the metabolism of benzene in vivo.
A procedure previously used in this laboratory for extracting and analyzing MA in mouse urine (10J was modified to simultaneously analyze HHA and MA. We added three volumes of methanol to one volume of urine. After cooling at -20°C for 2-3 hr, samples were spun in a microcentrifuge for 10 min and the pellet was discarded. We evaporated methanol from the supernatant at 37°C using a nitrogen stream and acidified the remaining sample to pH 2.5-3.0 with concentrated hydrochloric acid. Samples were extracted six times with two volumes of diethyl ether. We pooled the ether fractions, evaporated the ether at 37°C using a nitrogen stream, and redissolved the residues in methanol for analysis. Samples (10-20 ,ul) were analyzed for MA and HHA by analytical C18 reverse-phase HPLC using a flow rate of 1.0 ml/min, and absorbance was monitored at 260 nm. We determined the Xmmax of chromatogram peaks using a diode-array detector. Samples were eluted isocratically using 10% methanol and 90% aqueous acetic acid (1%). Under these conditions HHA eluted between 9 and 10 min, and MA eluted between 13 and 14 min. We also reacted extracts with a diethyl ether solution of diazomethane (11) to convert HHA to the more hydrophobic methyl ester, Me-HHA (Table 1) . We analyzed the methylated extracts by reverse-phase HPLC using 13% methanol and 87% aqueous acetic acid (1%) as the eluant. Under these conditions, Me-HHA eluted between 29 and 31 min.
We validated quantification of MA and HHA by this method using spiked mouse urine. [HHA was prepared by from 6-oxotrans,trans-hexadienoic acid (5) by reduction with sodium borohydride (9) ]. Extraction, HPLC analyses, and peak integration of MA/HHA spiked mouse urine indicated a linear response in unmethylated extracts for MA in the range of Figure 1B was not present in chromatograms of methylated urine extracts from mice treated with unlabeled benzene). A radioactive peak also coeluting with Me-HHA was observed in the radiochromatogram (Fig.  1 B) . Total counts of radioactivity coeluting with HHA in the unmethylated extract ( Fig. IA) and Me-HHA in the methylated extract ( Fig. 1 B) Table 2 . Muconic acid was excreted in significantly greater amounts than HHA in MUC-treated mice and in benzene-treated animals at all doses. Ratios of HHA to MA at all benzene doses in this study (7.1, 15.3, and 11.1) were similar to the HHA to MA ratio obtained after MUC administration (5.2; Table 2 ).
Trans,trans-muconic acid was first definitely identified as an in vivo metabolite of benzene in the urine of rabbits (13) . HHA is the second ring-opened metabolite of benzene that has been detected in vivo. The evidence for identification of this compound is based on the following: 1) the presence of a compound in extracts of urine from benzene-and MUC-treated mice that coelutes with authentic HHA on reverse-phase HPLC and which has a UV diode-array spectrum consistent with HHA. This compound is absent in extracts of urine obtained from the same mice immediately before treatment; 2) the presence of a peak in methylated urine extracts from benzene-and MUC-treated mice that coelutes with authentic HHA methyl ester. This compound has a UV diode-array spectrum consistent with HHA methyl ester and is not present in control urine extracts; 3) coelution of radioactivity with HHA and Me-HHA in extracted urine (unmethylated and methylated) from mice exposed to [ 14C]benzene.
Total radioactive counts eluting with HHA and Me-HHA were the same in unmethylated and methylated extracts.
Detection of HHA as a metabolite of MUC in vivo extends observations made in vitro (8, 9) . Detection of HI-IA in urine of benzene-treated animals is consistent with the hypothesis that benzene is metabolized in vivo to ring-opened metabolites via MUC (Fig. 2) 
Mice, three per cage, one cage per dose, were treated intraperitoneally with compound dissolved in corn oil. Urines were collected for 24 hr and volume was determined. Portions of the urines were extracted and analyzed as described in the text. Urinary MA concentration was calculated from the integrated area of the MA coeluting peak in unmethylated urine extracts using a standard curve generated by extraction and analysis of mouse urine spiked with MA. Urinary HHA concentration was determined from the integrated area of the Me-HHA coeluting peak in methylated urine extracts using a standard curve generated by extraction, methylation, and analysis of mouse urine spiked with HHA.
incubations, but its reactivity probably precludes its direct detection in vivo.
Although MUC is a potential intermediate in the metabolic conversion of benzene to ring-opened products, other compounds may also be considered. Conver (9) . However, HAl is not converted to MA in these systems (8, 9) . Another MUC analogue, the carboxylic acid aldehyde (AAI; Table 1 ) is metabolized to MA and to a small amount of HHA by mouse liver cytosol (9) . In incubations of NADH-fortified alcohol dehydrogenase, the carboxylic acid aldehyde is not reduced to HHA (8) . Thus, HAl, as well as MUC, is a common precursor of HHA and MA in vitro. However, there is no evidence to rule out either of these compounds as precursors of HHA and MA formed from benzene in vivo.
In conclusion, we have established the presence of a novel ring-opened metabolite in the urine of benzene-treated mice. This mnetabolite is also present in the urine of mice after treatment with muconaldehyde. The formation of HHA as an in vivo metabolite of MUC confirms results obtained in vitro (9) . The formation of this compound from benzene in vivo provides further evidence for the intermediacy of MUC in benzene metabolism. The detection and quantification of HHA in the urine of humans with known exposure to benzene is a goal of our research, particularly in view of recent attempts to use human urinary muconic acid as a biological marker relevant to the risk assessment of benzene (14) .
